Allele frequency differences between sexes and an excess of heterozygotes in males had suggested that the PEPB-1 locus is sex-linked in chinook salmon (Oncorhynchus tshawytscha). We here estimate less than 1% recombination between PEPB-1 and a growth hormone pseudogene known to be in the sex-determining region (SEX) in 374 progeny from eight experimental matings. We present modified maximum likelihood methods for estimating haplotype frequencies from population samples at a sex-linked locus in which functional alleles occur on both the X and Y chromosomes (pseudoautosomal loci). We find nearly complete linkage disequilibrium between PEPB-1 and SEX in 20 population samples from the Puget Sound region of Washington and southern British Columbia. However, allele frequencies at PEPB-1 were similar in males and females in 35 population samples from the coast of Washington and the Columbia River basin. Pseudoautosomal regions have been described in a broad taxonomic array of vertebrates and invertebrates, and they are likely candidate regions to find genes associated with differences in life history, morphology, or behavior between males and females.
Introduction
Muller (1914) proposed that heteromorphic sex chromosomes evolve through suppression of crossing over between a proto-X and proto-Y (or proto-Z and proto-W). Crossover suppression is thought to evolve through the action of modifier loci that reduce recombination between the sex-determining region and syntenic loci when there are allelic variants that are favored in one sex but disfavored in the other (Charlesworth and Charlesworth, 1980; Rice, 1996) . The Y chromosome will then degenerate without the effects of X-Y recombination due to an accumulation of recessive lethal mutations that are sheltered by their counterparts on the X chromosome (Charlesworth, 1991; Rice, 1996) .
Theory and recent empirical evidence have suggested that the genetic decay of the Y chromosome may occur rapidly (Rice, 1996) . The Y chromosomes of mammals and Drosophila are nearly devoid of functional genes (Rice, 1996) . Only recently has a small pseudoautosomal region been described in humans in which functional genes are found on the X and Y chromosomes and recombination occurs between the X and Y chromosomes (Goodfellow et al, 1986) . The central role of mammals and Drosophila in genetics has led to the general view that 'most animal Y chromosomes degenerated long ago' (Charlesworth, 2002) . However, a broader taxonomic view suggests that mammals and Drosophila are exceptions and that both sex chromosomes contain many functional genes across a wide variety of animal taxa.
Pseudoautosomal protein coding loci have been described in a wide variety of vertebrates and invertebrates. Morizot et al (1987) found that functional genes for the creatine kinase enzyme locus are present on both the Z and W chromosomes of Harris' hawk (Parabuteo unicinctus). Wright and Richards (1983) found that two of 12 allozyme loci (Pep-C and Sod-1) that they mapped in the leopard frog (Rana pipiens) are sex-linked and that two functional gene copies of both loci are found in XY males; in addition, the aconitase-1 locus is pseudoautosomal in the frog R. clamitan (Elinson, 1983) . Functional copies of a peptidase locus are present on both the Z and W chromosomes in the salamander Pleurodeles waltlii (Dournon et al, 1988) . Two allozyme loci (HEX-2 and sSOD-1) in rainbow trout (Oncorhynchus mykiss) have functional alleles on both X and Y chromosomes . Recombination occurs over nearly the entire length of the X and Y sex chromosomes of medaka (Oryzias latipes; Nanda et al, 2002) . Pseudoautosomal enzyme loci also have been described in invertebrates (eg Siegismund and Christensen, 1992; Berlocher, 1993) .
The number of pseudoautosomal loci reported in the literature is likely an underestimate due to the inherent difficulty in detecting them. X-linked loci are readily detected in species with a degenerate Y chromosome by the conspicuous absence of heterozygotes in males because of their hemizygosity. Most pseudoautosomal loci have been detected through inheritance studies.
Pseudoautosomal loci can be detected in population samples only if there is linkage disequilibrium between the locus under investigation and the sex determining locus (SEX). 'Locus' is used here as a unit that cosegregates not necessarily a single functional gene. Differences in allele frequency between the sex chromosomes will result in an excess of heterozygotes in comparison to expected Hardy-Weinberg proportions in the heterogametic sex (Clark, 1988; .
All species in the family Salmonidae are descended from a tetraploid event that occurred approximately 25 million years ago (Allendorf and Thorgaard, 1984) . Cytological differences indicate that males are the heterogametic sex in this family (Hartley, 1987; Phillips and Ráb, 2001 ). These observations have been supported by all-female gynogenetically produced progeny and breeding experiments with sex-reversed females (Donaldson and Hunter, 1982) . There is little evidence, however, for the degeneration of the Y chromosome in salmonids. YY individuals produced by sex-reversal are viable (Chevassus et al, 1988; Scheerer et al, 1991) . In addition, most salmonid hybrids (Kanda et al, 2002) do not follow Haldane's rule, which states that the heterogametic sex will be the one which is absent, inviable, or infertile in interspecific hybrids (Haldane, 1922; Laurie, 1997) .
The Y chromosome of chinook salmon (Oncorhynchus tshawytscha) appears to be more differentiated from the X chromosome than the Y chromosome of other Oncorhynchus species are from their X counterpart. Devlin et al (1998) described a long repetitive DNA sequence (approximately 2.4 Mb) that is restricted to the Y chromosome of chinook salmon; this repeat was not found on the Y chromosome of eight other Oncorhynchus species. Du et al (1993) described a pseudogene (GH-2p) specific to the Y chromosomes of chinook salmon that is derived from one of two duplicated growth hormone genes (GH-1 and GH-2). Forbes et al (1994) reported that an intron of GH-2p is found in male, but not in female, coho and chinook salmon. Thus, the GH-2p locus must be within the sex-determining region of the Y chromosome in both of these species. GH-2p is also found on the Y chromosome of chum salmon (O. keta; Kavsan et al, 1994) , pink salmon (O. gorbuscha; Spruell et al, 1999) , and masu salmon (O. masou; Zhang et al, 2001) .
Allozyme genotypic data have been collected for chinook salmon populations for over 20 years (Utter et al, 1989) . Genetic polymorphisms at up to 80 allozyme loci have been used for fishery management purposes (Teel et al, 1999) , and more recently for delineating population groups for conservation (Marshall et al, 2000) . Differences in allele frequencies between males and females at one of these allozyme loci (PEPB-1) in some population samples suggested that this locus is sexlinked in this species.
In this paper, we test for linkage of PEPB-1 and the male-specific GH-2p locus through inheritance studies. We also describe genotypic frequencies at PEPB-1 in 55 populations sampled throughout Washington and British Columbia. We provide maximum likelihood equations for estimating allele frequencies of a sex linked locus on the X and Y chromosomes, and consider the pattern of geographic distribution of PEPB-1 alleles on sex chromosomes in light of the genetic population structure of chinook salmon as determined by other allozyme loci and other biological traits.
Materials and methods

Samples
Samples of adult wild and hatchery chinook salmon were collected from 55 populations in Washington, Oregon and British Columbia on the spawning grounds or in the hatchery (Figure 1 ). Samples are lettered-coded in Figure 1 according to population groupings based on genetic, biological, and ecoregional characteristics (Myers et al, 1998) . For example, all C populations inhabit Puget Sound rivers, and have similar juvenile life histories, ocean migration routes, and allozyme allele frequencies. Two distinct population groups (F and G, respectively) are sympatric in interior Columbia River basin drainages, and have life-history patterns that correspond to Healey's (1991) 'ocean-and stream-types'. Two different life history phenotypes were collected from the Kalama and Lewis Hatcheries (E group; appendix); the A samples returned to freshwater in the spring and the B samples returned in the fall. Tissues were dissected from adults in the field and transported on dry ice to the laboratory where they were stored at À801C prior to electrophoresis.
Chinook salmon become sexually mature at from 2 to 6 years of age so that the fish collected in 1 year contained fish of multiple brood years. Some populations were sampled in multiple years. Thus, in some of the samples, we had many males and females from multiple brood years so that we could test for temporal stability of genotypic frequencies. Age was determined by scale pattern analysis (Koo, 1967) .
Experimental matings
Sexually mature fish from the Green River Hatchery (sample C10) and the Cowlitz River Hatchery (E1) were used in the matings. Adults were chosen at random for pair matings, and each family was reared separately. Subyearling juveniles were sampled from each family, analyzed at many allozyme loci, and tested for conformance to expected genotypic ratios based on the parental cross. This was carried out by personnel of the Washington Department of Fish and Wildlife (WDFW), with the primary goal of verifying Mendelian inheritance (JB Shaklee, WDFW, personal communication). We used samples from these matings that had been stored at À801C for analysis of PEPB-1 and SEX.
Protein electrophoresis Protein electrophoresis and staining followed methods of Aebersold et al (1987) . We used a tris-glycine buffer (pH 8.5) to separate the *a and *b alleles, and a tris-citrate buffer (pH 5.95) to separate the *a and *c alleles at PEPB-1 (EC 3.4.11.4; Marshall et al, 2000) . The protein produced by the most common allele (*a) has a relative electrophoretic mobility of 100; the *b and *c proteins have relative mobilities of 130 and À350, respectively. Muscle and eye tissues were analyzed separately to obtain two independent determinations of PEPB-1 phenotypes; if discrepancies occurred, we ran the samples again to determine the correct phenotype. Allele and locus nomenclature follow American Fisheries Society standards (Shaklee et al, 1990) .
Determination of sex
Sex of adults was determined by visual examination of sexually mature fish. Sex of juveniles in the families used in segregation analysis was determined by testing for the presence or absence of a Y-linked growth hormone pseudogene (GH-2p; Forbes et al, 1994; Du et al, 1993) . Primers were those reported by Forbes et al (1994) to amplify intron C of GH-2. DNA from males yields two products: the GH-2 intron C (488 bp) and the Y-linked pseudogene intron C (456 bp); DNA from females produces only the GH-2 intron (Forbes et al, 1994) .
DNA was isolated from muscle or liver tissue using the Puregene kit (Gentra System, Minneapolis, MN, USA). PCR mixtures contained 100-200 ng DNA, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2.5 mM MgCl 2 , dNTP mix (each at 0.2 mM), each primer at 0.5 mM, and 0.5 U Taq DNA polymerase in a total volume of 15 mL. The temperature profile for amplification was 951C for 1 min followed by 31 cycles of 921C (1 min), 631C (1 min), 721C (2 min). Products were restricted with HinfI, run out on a 2.5% agarose gel, and visualized by staining with ethidium bromide.
Results
Inheritance
We tested for sex linkage of PEPB-1 by joint segregation analysis of PEPB-1 and GH-2p in progeny from eight heterozygous males mated with females homozygous at PEPB-1. We found no recombination between PEPB-1 and SEX in seven families from both hatchery populations in which the father was heterozygous *ab (Table 1 ). There were two recombinants in one family from the Cowlitz Hatchery in which the father was heterozygous *ac (Table 1) . Pooling over all families, there were two recombinants out of 374 progeny (r ¼ 0.005).
Genotypic distributions in populations
There are dramatic differences between males and females in the genotypic distribution of PEPB-1 in many of the 55 populations examined (appendix). For example, 52 of 61 females from the Harrison River (A1) were *a/a homozygotes, while none of the 39 males had this genotype. In total, there were highly significant allele frequency differences (Po0.001) between sexes in 21 of 55 population samples. There is a strong tendency for an excess of heterozygotes in males from those samples in Pseudoautosomal loci in chinook salmon AR Marshall et al which females and males had different allele frequencies at PEPB-1. Both of these results are expected if PEPB-1 is sex-linked and there are differences in allele frequencies on the X and Y chromosomes.
In contrast, there is no evidence for allele frequency differences between the X chromosomes in females and the X chromosomes in males. This is supported by two independent observations . First, there is no tendency for an excess of heterozygotes in females as would be expected if allele frequencies differed on the X chromosome from males and females (appendix). In addition, analysis of allele frequencies in females from different age cohorts in many of these populations show no evidence of the changes in allele frequencies that are expected if the allele frequencies on the X chromosomes in females and males differ (data not shown).
Estimation of haplotype frequencies
The presence of functional alleles on both sex chromosomes makes it difficult to estimate allele frequencies because it is not possible to know on which chromosomes the alleles are carried by a heterozygote of the heterogametic sex. Siegismund and Christensen (1992) have considered the analogous case of Z and W chromosomes in which females are heterogametic. Here we consider the expected distribution of genotypes and estimation of haplotype frequencies at a sex-linked locus in which functional alleles occur on both the X and Y chromosomes.
The frequency of allele i on the X chromosomes of females, X chromosomes of males, and Y chromosome is xf i xm i , and y i , respectively. The genotypic distribution of females the next generation in a random mating population is F ii ¼ xf i xm i ðhomozygotesÞ
Allele frequency differences between the X chromosomes in females and males will produce an excess of heterozygotes in females relative to binomial (ie Hardy-Weinberg) proportions. The difference between the sexes in the allele frequency on the X chromosome will be halved each generation, regardless of the rate of recombination between the locus being considered and the sex determining locus . At equilibrium xf i ¼ xm i ¼ x i , and the genotypic distribution in females will be in binomial proportions so that
In males, the expected genotypic distribution with random mating is given by
Allele frequency differences between the X chromosomes in females and Y chromosomes will produce an excess of heterozygotes in males. This difference in allele frequency will decrease as a function of the rate of recombination (r) between the locus under consideration and the sex-determining locus so that the expected allele frequency on the Y chromosome next generation (y') is The first six families were from the Green River Hatchery (C10) and the remaining two from the Cowlitz Hatchery (E1).
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Thus, allele frequency differences between the X and Y chromosomes are expected to persist for long periods of time in the case of tight linkage. It is difficult to estimate all the haplotype frequencies for a sex-linked locus (xf i , xm i , and y i ). Allele frequencies on the X chromosomes in females can be estimated directly from the genotypic distribution in females. However, it is not possible to distinguish maternal (X) and paternal (Y) alleles in heterozygous males. Estimation is simplified when the allele frequencies on the X chromosomes in females and males is assumed equal (xf i ¼ xm i ¼ x i ). This is a reasonable assumption in many cases because the rate of approach to equilibrium of allele frequencies on the X chromosomes in females and males is fast (50% per generation; . We have assumed equal allele frequencies on the X chromosomes in females and males for PEPB-1 for the reasons discussed at the end of the previous section.
We calculated the maximum likelihood estimates of allele frequencies (appendix) using the EM algorithm (Dempster et al, 1977) following the approach of Siegismund and Christensen (1992) . Let Fij and Mij be the observed number of genotype ij in females and males, F and M be the total number of females and males, and Fij ¼ Fji and Mij ¼ Mji. The estimates of the allele frequencies on the X and Y chromosomes can be found by iterating the following equations
! M until allele frequencies converge. We used the observed allele frequencies in females and males for each population sample as starting points for the iterations.
There are large differences in haplotype frequencies on the X and Y chromosomes in some population samples (appendix; Figure 2 ). For example, the *a allele was at an estimated frequency of 0.907 on the X chromosome in the Harrison River sample, but it does not occur on the Y chromosome in this sample. The *a allele was more common on the X than the Y chromosomes in 23 of the 24 population samples in which there are significant allele frequency differences between females and males for this allele (appendix).
In contrast, we found no evidence of divergence in allele frequencies between the X and Y chromosomes in 31 of 55 population samples (appendix). There was no tendency for the *a allele to be more common on the X than the Y chromosome in these 31 population samples. The frequency of *a was greater on the X than the Y chromosome in 16 population samples and less on the X than the Y in 15 population samples.
Discussion
Our inheritance experiments and examination of genotypic distributions in populations confirm that PEPB-1 is sex-linked in chinook salmon. The extreme allele frequency differences between males and females at this locus in some populations are maintained by tight linkage between PEPB-1 and the sex-determining region. We found only two out of 374 progeny to be recombinants between PEPB-1 and GH-2p. Both of these recombinants were in the only family in which the male was heterozygous *ac rather than *ab. This suggests the possibility that there is more recombination between the *a X chromosome and the X chromosome marked with the *c allele than the *b allele.
We expect different patterns of variation of allele frequencies of loci on the X and Y chromosomes because of differences in effective population size (N e ). If there is no recombination between a locus and the sex-determining region, then for an ideal population the N e for a locus on the X chromosome would be 3/4 that of an autosomal locus, and the N e for the Y chromosome would be 1/4 that of an autosomal locus (Caballero, 1995) . The current situation approaches this expectation because of the low rate of recombination. Thus, we expect a greater proportion of gene diversity on the Y chromosome to be between populations (Wang, 1999) . That is, we expect a greater fixation index (F ST ) for the Y than the X chromosome haplotype frequencies. The overall values of F ST for the allele frequencies on the Y chromosome in our samples is 0.592, in contrast to 0.074 for the X chromosome. The F ST at 25 autosomal allozyme loci over approximately the same geographical range of populations was 0.123 (Utter et al, 1989) .
Linkage disequilibrium
There is a strong biogeographical pattern to the linkage disequilibrium between PEPB-1 and SEX. Population samples from the Puget Sound region show strong linkage disequilibrium while little linkage disequilibrium is present in coastal and Columbia River populations. The X-*b haplotype occurs at a low frequency in all three samples (A) from the Strait of Georgia and all 16 population samples (C) from Puget Sound; in contrast, the Y-b* haplotype occurs at a high frequency in these populations. The X-*a haplotype occurs at an average frequency of 0.794 in these populations, while the X-*b haplotype occurs at an average frequency of 0.074. The sample from the Elwha River (D1) has PEPB-1 allele Pseudoautosomal loci in chinook salmon AR Marshall et al frequencies similar to Puget Sound populations, and is distinct from other Pacific coast populations (D). However, this population is more similar to other Washington coast populations at other allozyme loci (Utter et al, 1989 ).
Significant differences in frequencies of the *a or *b alleles between males and females occur in only three other population samples outside of the coastal and Puget sound population groups (A, C, and D). The *a allele is slightly more frequent in females than in males in two samples from the Columbia River basin (E8 and G3). The *a allele is significantly less frequent in females than males in only one sample, which is from the southern tip of Vancouver Island (B1). The *c allele is found at significantly different frequencies in males and females from five samples from a wide geographic range (C1, E1, F4, G3, and G9). In three of these samples this allele is more frequent in females, and the reverse is true in the other two samples. This difference is only great in the sample from the Twisp River (G9).
Any differences in allele frequencies on the X and Y chromosomes are expected to persist for a very long time because of the low recombination rate (Clark, 1988; . For example, if we start out with alternate fixation of two alleles in males and females, it is expected to take 285 generations before the allele frequencies on the X and Y chromosomes are less than 0.10 different in allele frequencies . This same process is expected to take 628 generations until the difference is less than 0.01. The generation interval of chinook salmon is roughly 4 years (Healey, 1991) .
Therefore, the large differences in haplotype frequencies between the X and Y chromosomes in the Puget Sound and Strait of Georgia regions is not surprising in view of the tight linkage between PEPB-1 and the sexdetermining region. This linkage disequilibrium suggests the possibility of either a selective sweep that has increased the frequency of the Y chromosome with the b* allele in this region or a genetic bottleneck associated with the founding of chinook salmon populations in this region. The Puget Sound region and most of British Columbia were ice-covered and much of the Columbia Basin and more southerly Pacific coast areas were not during the last period of glaciation (Thorson, 1980) . Colonization of proto-Puget Sound by chinook salmon following glaciation could have caused a genetic bottleneck.
It is perhaps more difficult to understand the lack of divergence in allele frequencies on the X and Y chromosomes in the population samples from the Pacific coast and the Columbia River basin in view of the large divergence in Puget Sound samples. We had suspected that perhaps there was a chromosomal polymorphism resulting in different amounts of recombination between PEPB-1 and SEX in the two regions. We tested this by examining inheritance in one hatchery from the region in which there was strong differentiation (Green River, C10) and one hatchery from the other region (Cowlitz River, E1). However, we found tight linkage in crosses from both hatchery populations (Table 1) .
Spontaneous sex reversed individuals have been described in many fish species (Francis, 1992) . Nagler et al (2001) have reported that in some populations from the Columbia River basin a high proportion of phenotypically female chinook salmon had male-specific genetic markers. Sex reversal could provide an opportunity for increased recombination between PEPB-1 and SEX. Recombination rates in rainbow trout are approximately 10 times greater in females than in males for loci in regions proximal to the centromere (Sakamoto et al, 2000) . The sex-determining region is near the centromere in rainbow trout Woram et al, 2003) . Thus, it is possible for there to be considerable effective recombination between PEPB-1 and SEX in populations that have a high frequency of sex reversed (XY) females.
Sex chromosome evolution Rice (1996) has presented an evolutionary pathway for the accumulation of mutational changes of sex chromosomes that results in eventual degeneration of the chromosome that carries the dominant gender-determining allele (either the Y or Z chromosome). The first step is the presence of a single locus that is associated with genic sex determination. A nonrecombining segment then arises surrounding this locus giving rise to semichromosomal sex determination. The nonrecombining region expands and eventually leads to chromosomal determination in which sex chromosomes are heteromorphic, or, in some cases, the eventual loss of the nonrecombining chromosome (XO sex determination).
Reduced recombination between X and Y chromosomes may be selected even in the absence of multiple sex determining loci in the case of sexually antagonistic genes in which alleles that are favored in one sex are disfavored in the other. The classic example of this is the guppy (Poecilia reticulata) in which male-benefit sexually antagonistic alleles producing ornamental characteristics are favored in males through sexual selection but are disfavored in females because ornamental characteristics make fish more conspicuous to predators. Winge (1927) found that 17 of 18 major genes producing ornamental characteristics mapped to the sex chromosomes.
Sexually antagonistic alleles at loci unlinked to the sexdetermining region will only increase in frequency if the advantage to one sex is greater than the disadvantage to the other (Rice, 1996) . However, this requirement is relaxed at loci that are syntenic with the sex-determining region because such alleles may be preferentially transmitted to sons because of linkage. Suppressed recombination between such loci and the sex-determining region will reduce the production of females with the disfavored phenotype, and thus will be favored by natural selection.
Salmonid sex chromosomes
There are many life history differences between the sexes in salmon that are candidates for sexually antagonistic effects (Groot and Margolis, 1991) . For example, males tend to become sexually mature at earlier ages in many salmonid species. Heath et al (2002) have recently shown that alleles associated with early sexually maturity are present on the Y chromosome of chinook salmon. They found significantly greater narrow-sense heritability for early sexual maturity from sires (0.6270.21) than from dams (À0.1470.12). In addition, they used testosterone to 'masculinize' chinook salmon larvae, and found that the XY males had a much higher proportion of precocious sexual maturity than XX males (31 versus 10%).
The results of Heath et al (2002) suggest the presence of genetic variation for age of sexual maturity on the Y chromosome of chinook salmon. We tested for this in our samples by comparing PEPB-1 allele frequency differences on the Y chromosome of males that matured at age 3 or 4 years within brood years. We found no evidence of allele frequency differences (data not shown). However, the power to detect such differences is not great because our sample sizes were small after collections were divided by both brood year and sex.
Pseudoautosomal regions are a potentially fertile region of the genome to search for loci associated with life history differences between the sexes. Most studies that have identified the genetic basis of male reproductive strategies in fishes have found evidence for sexlinkage (reviewed in Heath et al, 2002) . In addition, Goudie et al (1995) found that a pseudoautosomal allozyme locus (GPI-B) in channel catfish (Ictalurus punctatus) was associated with differences in growth rate. The demonstration of pseudoautosomal loci requires inheritance studies. Nevertheless, the tendency for heterozygote excess in the heterogamatic sex in population samples is suggestive of a pseudoautosomal locus. Therefore, population genetic surveys of microsatellite and other types of loci in species that might have large pseudoautosomal regions (eg amphibians or fish) should test for this effect. Table A1 Distribution of genotypes at PEPB-1 in chinook salmon. F is the fixation index (relative excess or deficit of heterozygotes). The estimated haplotype frequencies are given in the female (F; X-*a, X-*b, and X-*c) and male (M; Y-*a, Y-*b, and Y-*c ) rows for each sample. The probabilities on the allele frequencies in the total sample are for contingency tests for allele frequency differences between females and males 
